To assist the design of novel, highly efficient molecular junctions, a deep understanding of the precise charge transport mechanisms through these devices is of prime importance. In the present contribution, we describe a procedure to investigate spatially-resolved electron transport through a nanojunction from first principles, at the example of a nitro-substituted oligo-(phenylene ethynylene) covalently bound to graphene nanoribbon leads. Recently, we demonstrated that the conductivity of this single-molecule-graphene-nanoribbon junction can be switched quantitatively and reversibly upon application of a static electric field in a top gate position, in the spirit of a traditional field effect transistor [J. Phys. Chem. C, 2016, 120, 28808-28819]. The propensity of the central oligomer unit to align with the external field was found to induce a damped rotational motion and to cause an interruption of the conjugated π-system, thereby drastically reducing the conductance through the nanojunction. In the current work, we use the driven Liouville-von-Neumann (DLvN) approach for time-dependent electronic transport calculations to simulate the electronic current dynamics under time-dependent potential biases for the two logical states of the nanojunction. Our quantum dynamical simulations rely on a novel localization procedure using an orthonormal set of molecular orbitals obtained from a standard density functional theory calculation to generate a localized representation for the different parts of the molecular junction. The transparent DLvN formalism allows us to directly access the density matrix and to reconstruct the time-dependent electronic current density, unraveling unique mechanistic details of the electron transport.
I. INTRODUCTION
The research field of molecular electronics [1] [2] [3] aims at designing electronic components such as wires [4, 5] , rectifiers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , LEDs [17] [18] [19] [20] , or transistors , as well as whole electronic devices from single molecules. Especially transistors, which are the central switching units in modern electronics, play a prominent role in this field, and many systems have been proposed and investigated, both theoretically and experimentally, to bring transistors to molecular scale (see for example Ref. [43] [44] [45] [46] and references therein). Recently, the first lightinduced molecular switch operating reliably at room temperature has been synthesized. [47] In this case, a diarylethene molecule, which is well known for its photoinduced switching behavior, is bound covalently between two graphene tips. The covalent nature of the bond renders the nanojunction very stable and allows for an enhanced electronic coupling to the leads, which positively affects the conductivity of the junction. [48] Graphenebased nanostructures such as carbon nanotubes and graphene nanoribbons (GNRs) appear as very natural choices for contacts and wires, because they behave like one-dimensional conductors and exhibit unique electronic transport properties even at room temperature [49] .
Besides diarylethenes, oligo-(phenylene ethynylene)s (OPEs) have attracted great attention especially as molecular wires (see, e.g., Ref. [4] and references therein), and they appear as another promising class of molecular * v.pohl@fu-berlin.de † jc.tremblay@fu-berlin.de switching units. When attached to gold surfaces, OPEs demonstrated promising switching properties in STM experiments [50] [51] [52] . Although the mechanism observed in these experiments is rather of stochastic nature (for an overview of the proposed mechanisms see Ref. [46] ), a rotation of the central phenyl group about the triple bonds was theoretically proposed as a possible switching mechanism. This assumption was the starting point for the investigation of Agapito and Cheng [53] , who investigated a nanojunction where a nitro-substituted OPE wire was bound to two 3-zigzag graphene nanoribbons (ZGNRs) serving as electrodes. This OPE-GNR model system is sketched in Fig. 1 . In their work, non-equilibrium Green's function (NEGF) simulations revealed the markedly different behavior of two logical states, one planar with high (ON, θ ≈ 0) and one perpendicular conformer with low conductivity (OFF, θ ≈ 90 • ). It was demonstrated that the rotation of the central nitrophenyl-group about the triple bonds causes a breakdown of the conjugation of the π-system, leading to a significant drop in conductivity. Recently, we have proposed a practical procedure to drive this system from the ON to the energetically unfavored OFF conformer dynamically by applying an external static electric field E, in the spirit of a traditional field effect transistor. [54] Ground state nuclear quantum dynamics simulations of the complete switching cycle within the reduced density matrix formalism showed that the system can be reliably switched on and off without showing any memory effects.
The present contribution focuses on another fundamental dynamical aspect of the same system: the timedependent electron transport under non-equilibrium conditions at finite bias voltage. To this end, we resort to the recently developed driven Liouville-von-Neumann
FIG. 1. Cartoon of the investigated OPE-GNR nanojunction viewed from different perspectives. As demonstrated in
Ref. [54] , an electric field along the z-axis, E, can be used to switch the device from a conducting state (ON, θ ≈ 0
• ) to a less conducting state (OFF, θ ≈ 90
• ). For the investigation of the electron current dynamics, the device is divided into three segments: the left lead (L, highlighted in blue), the extended molecule (M, black solid box), and the right lead (R, highlighted in orange). The color code and the coordinate system defined in this figure are used throughout this work.
(DLvN) approach for time-dependent electronic transport calculations [55] [56] [57] [58] [59] [60] [61] [62] [63] . In conventional fashion, the finite system is first divided into three parts: the left lead (L), the extended molecule (M), and the right lead (R). The associated equations of motion for the density matrix in this localized basis are supplemented by a driving term which aims at preserving a steady-state subject to non-equilibrium boundary conditions. Charge transport through the nanojunction arises from imposing, e.g., finite temperatures to the leads or applying a potential bias voltage between the electrodes. In the present work, this approach is modified to reduce its computational effort and improve its scalability towards realistic molecular systems. Contrary to the original formulation, an orthonormal set of delocalized molecular orbitals is first computed from a standard density functional theory (DFT) calculation for the extended molecule and sections of the leads. A numerical localization procedure is then used to project a subset of these molecular orbitals at energies close to the Fermi level onto the different sections of the nanojunction. This finite setup allows only for distinct transport channels, which leads to a discrete transport spectrum. In order to increase the system size without jeopardizing its computational efficiency and compare the results with reference NEGF calculations, we further introduce a simple procedure for parameterizing an effective microscopic Hamiltonian in which the leads can be readily extended.
The DLvN approach stands out by its simplicity and transparency, providing direct access to the system's density matrix, which can be used to straightforwardly compute a multitude of observables. One of which, the timedependent (local) electronic current density (also called "electronic flux density" hereafter), is the main focus of this work. This vector field provides a spatially resolved picture of the instantaneous flow of electrons and allows for an intuitive interpretation of the electron dynamics, revealing the details of the electron transport mechanism. The precise knowledge of the electron flow mechanism is heralded as the key aspect for the design of more efficient molecular junctions. [64] Despite these promises, example applications and investigations of the electronic current density in molecular junctions remain few and far apart. For one, the underlying electronic structure are often based on parametric tight-binding (TB) methods [65] [66] [67] , allowing only for the investigation of steady-state local currents, i.e., currents from TB site to TB site. Alternatively, explicitly time-dependent DFT simulations [68] can suffer from the definition of the initial conditions and require a complex absorbing potential to avoid reflection at the edges of the leads. In recent work, Walz et al. [69] presented an elegant method for extracting the stationary electronic current density from standard NEGF calculations. Here, we aim at addressing the need for a better mechanistic understanding of electron flow in nanojunctions under non-equilibrium conditions using a simple dynamical formalism based on first principles, microscopic characterization of the electronic structure.
The paper is structured as follows. Sec. "Methodology" introduces the Driven Liouville-von-Neumann equation, the localization scheme, and the analysis toolset for the electron dynamics. In Sec. "Computational Details", the numerical methods and technical details are described. The results are presented and analyzed in Sec. "Results and Discussion", before concluding remarks summarize our most important findings.
II. METHODOLOGY A. Driven Liouville-von-Neumann Equation
Within the framework of the driven Liouville-vonNeumann (DLvN) approach for time-dependent electronic transport simulations, a finite molecular junction is formally divided into three parts: the left lead (L), the extended molecule (M), and the right lead (R) (cf. Fig. 1 ). In the localized representation, the timeevolution of the system is described by [61, 62] 
where is the reduced Planck constant, H sys is the system's Hamiltonian matrix, and ρ(t) is the one-particle reduced density matrix. The diagonal matrix ρ 0 L/R describes the equilibrium Fermi-Dirac statistics of the respective lead,
with the Boltzmann constant k B , the lead state energies ε L/R a , the electronic temperature T L/R , and the chemical potential µ L/R . While the first term on the right-hand side of Eq. (1) describes the coherent timeevolution of the system, the second term is driving the system dynamically towards a non-equilibrium situation at a rate Γ L/R / . This constant is normally either fitted to a NEGF reference [57, [59] [60] [61] , or as proposed very recently [62] , is determined from the coupling of the lead states to an electronic reservoir obtained from NEGF calculation. Both approaches thus require external data from a prior NEGF treatment of the system.
To stay within the very simple and transparent framework of the DLvN approach, we adopt the interpretation of Franco et al. [58] , and regard the diagonal matrix Γ L/R as a Lorentzian broadening of the discrete lead energy levels required to mimic a continuum of lead states. Here, the lead states appear as continuum provided the full width at half maximum 2Γ L/R is chosen to be at least as large as the energy spacing, ∆ε L/R , between two adjacent states. For realistic molecular nanojunctions, the energy spacing in the leads is not uniform. Consequently, the broadening parameter Γ L/R becomes statedependent, and varies with the local density of electronic states in the leads. In the present work, the following convention is adopted
B. Localization Scheme Fig. 2 (upper panel) shows a sketch of the model system used in this work, with the three parts highlighted as colored areas. In contrast to previous studies, the starting point for the localization procedure is an orthonormal set of molecular orbitals (MOs) {|ϕ a } nMO and their corresponding eigenenergies ε = {ε a } nMO . These are obtained from a standard density functional theory (DFT) calculation, which satisfy a one-electron KohnSham equation of the form
with the Hamiltonianĥ KS = − 2 2me ∇ 2 e +v KS , where m e is the mass of an electron andv KS is the Kohn-Sham potential operator. Typically for molecular systems, the MOs are defined according to the MO-LCAO ansatz (Molecular Orbitals as Linear Combination of Atomic Orbitals). That is, they are expanded in a finite set of atom-centered basis functions (here in position representation)
where r refers to the Cartesian coordinates of a single electron, R α are the coordinates of nucleus α, and N α stands for the number of atoms. The index n AO(α) defines the number of AOs, χ iα r − R α , centered on atom α. These AOs are usually expressed in terms of Gaussian-type orbitals. The respective expansion coefficients, D
iα , are referred to as MO coefficients. Modern theoretical approaches to electronic transport, such as non-equilibrium Green's functions and the DLvN ansatz, describe the dynamics of electrons in terms of pseudo-spectral states localized on different parts of the nanojunction: two leads and the scattering (or extended molecule) region. Since the MOs obtained from standard quantum chemistry calculations are generally delocalized over the whole extent of the nanostructure, localization onto each of the three sections is required. In the present work, this is achieved by numerical unitary transformations of a selected set of MOs within a specific energy window, which is chosen as large as necessary to include all applied bias voltages and as small as possible to avoid artificial mixing between MOs at very different energies. The latter would cause artificially strong localization. The transformation is done in two steps, which together define a linear metric for the degree of localization on each part of the nanojunction. In the first step, the MOs are localized onto the extended molecule (M) by solving
with whereP M is the Mulliken projector onto the atoms of the extended molecule. Note that the integrand in the first line of Eq. (7) is often referred to as gross atomic density. The spectrum of this operator, Λ M , orders the new MOs according to their extended molecule character, with Λ M → 1 representing a MO completely localized in the scattering region and the MOs with Λ M → 0 being assigned to the leads. In the second step, a subset of the MOs mostly localized on the leads after the first step are further localized on either one of the two leads. To this end, a linear operator quantifying the differential projection on the right and left leads is used to define a linear metric as
where
The eigenvalues Λ (RL) < 0 correspond to a localization onto the left lead (blue shaded area in the upper panel of Fig. 2 ), and Λ (RL) > 0 to a localization onto the right lead (orange shaded area in Fig. 2 ).
Subsequent diagonalization of the diagonal blocks in the localized MO basis allows to transform the Hamiltonian of the nanojunction to the following form
with the MO eigenvalue matrix ε = diag(ε 1 , ε 1 , . . . , ε nMO ). The diagonal matrices H L , H M , and H R contain the energy eigenvalues ε
in the local pseudo-spectral basis. The rectangular matrices V LM and V MR describe the couplings from left lead to the molecule and from molecule to the right lead, respectively. Note that the interlead coupling matrix V LR is not strictly zero but vanishingly small, and it is neglected throughout this paper. The total unitary transformation, , and the extended molecule ψ M a nM , which are then used in the dynamics and in the subsequent analysis.
Having transformed the Hamiltonian to the form Eq. (9), the DLvN approach described in the previous section can be applied straightforwardly. Since the number of transport channels is limited by the number of available lead states, the resolution of the electronic current as a function of the bias voltage can be quite low. To circumvent this issue, we advocate extending the leads by parameterizing a tight-binding Hamiltonian using a lead dimer, as depicted in Fig. 2 (central panel) . For this dimer, the same localization scheme as in Eq. (8) is applied, followed by diagonalization of the resulting diagonal blocks of the Hamiltonian. In this new pseudospectral basis, the Hamiltonian takes the form
After bringing in phase the left and right lead basis functions ( φ , can then be easily transformed to the orig-
with n D ! = n L/R . That is, only the n L/R lead dimer basis functions with the largest overlap with those of the lead basis functions are conserved. The basis functions φ L/R a n L/R are not strictly orthonormal. Consequently, the overlap matrix S L/R must be considered together with Hamiltonian in the final basis, Eq. (9) . Note that in all non-equilibrium Green's function (NEGF) reference calculations, the total Hamiltonian H sys , along with the dimer Hamiltonian block H dimer and the overlap matrix S dimer are used. After ensuring the compatibility of the subsystems, the size of the total system, i.e., the size of the total tightbinding Hamiltonian H tb , can now be increased at will. This procedure is sketched in Fig. 2 (bottom panel) . In a final step, H tb is brought into the form of H sys (cf. Eq. (9)) by diagonalization of the left and right lead blocks. For clarity, we will refrain from introducing a new symbol for this final Hamiltonian here, instead we will reference Eq. (9) hereafter. Importantly, the extension of the leads using this tight-binding procedure changes neither the energies of the pseudo-spectral states of the extended molecule H M , nor the associated basis functions ψ
. Since all states are propagated explicitly in the DLvN equation, extension of the tight binding Hamiltonian greatly increases the associated computational effort. Pruning the MO basis could reduced the numerical effort at the expense of a violation of the Pauli principle.
C. Monitoring the Electron Dynamics
In the DLvN formalism, the time-evolution of the block of the density matrix corresponding to the extended molecule can be written by exploiting the structure of the localized Hamiltonian Eq. (9) as follows
Taking the trace of this equation, Tr
, yields the temporal change of the total number of electrons in the extended molecule region. [61] This quantity comprises two contributions: the probability influx from the left lead, and the outflux to the right lead. Under steadystate conditions, the probability flux within the extended molecule vanishes. Multiplying both contributions by the elementary charge e, yields the respective current per spin channel
The average of these values describes the net current passing through the junction
where for a steady state, the condition I L (t) = I R (t) holds.
Let us now consider a volume enclosing the extended molecule, see the black solid box in Fig. 2 (upper panel) . It is obvious that, due to the localization procedure, all lead eigenfunctions, ψ
, and derivatives thereof are negligibly small within this volume. Thus in position representation, only the extended molecule part of Eq. (1) survives
with the density matrix operator for the extended moleculeρ
Since the effective potentialv KS is a multiplicative operator in position representation, Eq. (15) simplifies to the electronic continuity equation for the extended molecule volume
where the time derivative of the electron density is referred to as electronic flow. The time-dependent electronic (probability) flux density is given by
with the time-independent state-to-state electronic flux density
For consistency with the current definition I(t), Eq. (17) is multiplied with the elementary charge to obtain the continuity equation for charge conservation relating the electronic charge density, e · ρ M ( r, t), with the electronic current density, J M ( r, t) = e · j M ( r, t). Interestingly, the negative integral over J M ( r, t) corresponds to the electronic dipole moment in velocity gauge. [70, 71] In general, the electronic current density is a vector field giving insight into the instantaneous flow of electrons. At a single glance, it allows to unravel mechanistic details of the spatially resolved charge transport dynamics through the junction due to its intuitive form. As will become apparent below, this holds true even for steady states where the charge density is stationary, i.e., where the electronic flow is zero (cf. Eq. (17)). In analogy to fluid dynamics, an electronic velocity field can be defined by dividing the electronic flux density by the electron density
This quantity contains information about both the electron density and the electronic current simultaneously. It will be shown to reveal complementary features in the electron dynamics.
III. COMPUTATIONAL DETAILS
All quantum chemical calculations were performed using TURBOMOLE [72] at the density functional theory (DFT) level of theory using the PBE0 [73] hybrid functional and a def2-SVP basis set [74] . Three structures have been considered: the ON conformer (θ ≈ 0
• , cf. Fig. 1 ) and the OFF conformer (θ ≈ 90
• , cf. Fig. 1 ) of the molecular junction as depicted in Fig. 2 (upper panel), as well as the lead dimer, as depicted in Fig. 2  (central panel) . The size of the leads is chosen large enough such that the influence of the central nitrophenyl group on the leads is negligible. Further, the mechanistic details of the spatially resolved current dynamics can be investigated on a larger part of the so-called "extended" molecule. Note that, in previous work, the NEGF reference was shown to be already converged with smaller leads. [53, 54] The reference current-voltage characteristics (I − V curve) of the molecular switching device was obtained from the tight-binding Hamiltonian depicted in Fig. 2 (lower panel) using the non-equilibrium Green's function method and the Landauer-Büttiker formalism, as implemented in ASE [75] [76] [77] [78] [79] . The propagation of the reduced density matrix was performed at T = 0 K and T = 30 K using gloct [80] , an in-house implementation of a Markovian master equation propagator based on a preconditioned adaptive step size Runge-Kutta algorithm [81] .
For the computation of the electron density and electronic current density, the molecular orbitals and the spatial derivatives thereof were first projected on a grid using ORBKIT [82] . These quantities were combined with the time-dependent coefficients with our open-source Python package detCI@ORBKIT [71, 83] . The results were visualized using Matplotlib [84] and Amira [85] . The depictions of the molecular structures in Fig. 1 and Fig. 2 were created using XCrySDen [86] .
IV. RESULTS AND DISCUSSION

A. Localization
The starting point of the present contribution is the finite OPE-GNR model system as sketched in Fig. 2 (upper panel) in both of its logical states, ON and OFF. The highlighted areas symbolize the three parts of the junction: the left lead (L, highlighted in blue), the extended molecule (M, black solid box), and the right lead (R, highlighted in orange). The Mulliken projectors defined by these regions are used for the subsequent two-step localization procedure as explained above. Here, all MOs between ε a = −4 eV and ε a = 4 eV are considered, which corresponds to twice the size of the maximum voltage applied in the dynamical simulations (U = 4 V). Note that the zero point for the energy of the MOs has been set to the Fermi level. Within the localization procedure, this corresponds to 70 MOs of the 3320 MOs computed at the DFT level. In the first step of the localization, all basis functions which are smaller than 7 % localized on the extended molecule are treated as lead basis functions. This rigorous cutoff, on the one hand, provides lead functions spanning a wide range of energies covering the whole window. On the other hand, it prevents the occurrence of ghost transmissions and thereby improves the quality of the tight binding parametrization. A total of 44 pseudo-spectral states are found to belong to the extended molecule, and 13 for each lead. The number of lead states increases linearly with the number of tight-binding units. Fig. 3 shows the spectrum of the resulting Hamiltonian for the ON (left panel) and OFF (right panel) conformations. The thick black horizontal lines refer to the energy levels of the different regions of the nanojunction H L/M/R . The connectors between these energy levels correspond to the couplings, V LM/RM , between the pseudo-spectral states. It can be observed that the energy spectrum of both logical states is nearly identical. While the spectrum of the extended molecule is dense at low and at high energies, the pseudo-eigenstates of both leads are more or less evenly distributed at intermediate energies, with an energy spacing ranging between ∆ε = 0.2 eV and ∆ε = 0.5 eV. It is interesting to note that many of the extended molecule states occur as (nearly) degenerate pairs. Since the number of lead states is quite small, it allows for a clear assignment of the transport channels. Extending the leads via the tight-binding Hamiltonian yields a much greater number of lead states, which are depicted as grey lines in the two panels for ten lead units. In comparison, the density of states (DOS) for the system without tight-binding extension is plotted at the ordinate using the same Lorentzian broadening as defined in Eq. (3). As expected, this DOS qualitatively resembles the energy spectrum of a tightbinding extension of the leads, confirming the quality of the model Hamiltonian.
The linewidth for interstate couplings in Fig. 3 is chosen according to the strength of the respective coupling. Interestingly, when we compare the ON and OFF conformations, not only the preferred coupling channels but also the coupling strengths are very similar. To distinguish between conductive and non-conductive channels through the bridge, we introduce a measure for the asymmetry of the connectivity of the particular molecular channels. That is, the connectors are only colored in red if the coupling to a specific molecular channel differs by a factor of 2 at most for the largest component on each lead. This reveals that the majority of the extended molecule states of the ON conformation are conductive, while for the OFF conformation, nearly all states are asymmetrically coupled to the leads and therefore non-conductive. The explanation for this result can be found by analyzing the coupling to the (nearly) degenerate pairs of extended molecule states in more detail. For each pair of extended molecule states, it can be seen that the states couple with approximately the same strength to both leads in the ON conformation. For the OFF logical state, one state of the doublet couples exclusively to the left while the other couples exclusively to the right lead. Thus, it can be anticipated that the OFF conformation will be significantly less conducting than the ON logical state, even without performing any dynamical simulation.
B. Modeling the Time-Dependent Electronic Current
In the following, the DLvN approach is applied to investigate the electronic current in the OPE-GNR nanojunction model. A linear voltage ramp from U = 0 V (µ L/R = 0) at t = 0 to U = 4 V (µ L/R = ±2 eV) at t = 4 ps is chosen to drive the dynamics. At the beginning of the simulations, all subsections of the molecule are in their local thermal equilibrium. Since this is not the thermal equilibrium of the total system, an ultrafast equilibration dynamics occurs in the early stages of the simulation, as the coupling between the different parts of the nanojunction is suddenly switched on. To avoid artifacts coming from this unphysical behavior, the system is first left to equilibrate for 1 ps before the bias voltage is ramped up slowly from the new initial time t = 0. Fig. 4 shows the time-evolution of the electronic current for both conformers at T = 0 K compared with the current voltage characteristics obtained from NEGF calculations (red curves). Regarding the NEGF reference, it can be noticed that the current gradually increases in smooth steps for the ON conformation, while the current for the OFF logical state always remains very small. At all potential biases, the ON/OFF current ratio lies between 10 2 and 10 3 , which is in good agreement with our previous findings [54] . The finite number of states within the time-dependent DLvN simulation restricts the effective applicable bias voltages to the available lead state energies. For example, only five steps can be observed within the time-dependent current dynamics for the ON conformation (black curve in the upper panel of Fig. 4) . The NEGF reference and the time- The time-dependent current is depicted for the original system (cf. Fig. 2 upper panel) , and for two, five, and ten lead units (color key: black, dark blue, purple, and pink, respectively). Lower panel: The two components contributing to the net current I(t), i.e., the influx from the left lead (IL(t)) and the outflux to the right lead (−IR(t)), are plotted as blue and orange curves. dependent results share the same qualitative features despite some marked deviations. That is, both curves describe the same few transport channels showing up at the same bias voltages. The different heights of the plateaus originate from the approximate description of the continuum of states in the leads, which are mimicked as a simple Lorentzian broadening in the DLvN approach (cf. Fig. 3 ). This finding is in line with previous theoretical work, which demonstrated that the DLvN formalism is formally an approximation to the NEGF theory [58] .
Whenever the time-dependent bias voltage hits a resonance in a lead state, a rapid rise in conductivity is observed followed by an equilibration to a lower lying plateau. This rapid rise is observed for both the ON and OFF logical states. To understand this phenomenon, the two contributions to the current, I(t), (cf. Eq. (14)) are plotted separately in the lower panel of Fig. 4 for the OFF configuration: the influx from the left lead (I L (t)) as a blue and the outflux to the right lead (−I R (t)) as an orange curve. As can be seen from the figure, there is either an influx or an outflux in this OFF configuration, never to both. These dynamical features, which take place in the femtosecond time regime, can be associated with the population and depopulation of extended molecular states reacting to the new boundary conditions. Thus, those peak currents do not contribute to the overall current passing through this junction, and should be understood as an ultrafast equilibration response.
In order to enable a more precise description of the electric current dynamics for the ON state, both leads were extended as explained above (see Eq. 11) by a certain number of tight binding units to allow for a higher resolution in the bias voltages and a better representation of the density of states in the leads. For the ON conformation, the results for two (dark blue), five (purple), and ten (pink) lead units are shown in the upper panel of Fig. 4 . It can be recognized that, with increasing number of lead units, the large jumps in I(t) between the different plateaus are gradually replaced by smoother transitions, and the curves converge slowly to the NEGF reference. Moreover, the size of the peak currents due to the ultrafast equilibration dynamics is significantly reduced due to the smaller energy gap between the states. Interestingly, simulations at higher temperatures without tight-binding extension yield similar I − V current profiles. This is due to the smoother change in population as temperature increases, see Eq. (2).
C. Spatially Resolved Current Dynamics
An important focus of this work is the investigation of the mechanistic details of the electron transport through the OPE-GNR nanojunction. A natural choice for this analysis is the electronic current density, which provides a spatially resolved picture of the instantaneous flow of electrons. Fig. 5 shows representative snapshots of the electronic current density as streamline plots for the ON (upper five panels) and OFF conformations (lowest panel) for the extended Hamiltonian with ten lead units. The first important point to be mentioned is that the current density in this system originates from charge transport through π-molecular orbitals. This is consistent with our simulations, in which the electrons flow above and below the ZGNR plane and the current density in the molecular plane it is found to be strictly zero. Since the electronic current is found to be symmetric with respect to reflection in the molecular plane, all plots have been integrated over the z-coordinate to uniquely define a 2D projection of the vector field. Importantly, the tight-binding scheme does neither affect the extended molecule Hamiltonian nor the associated basis functions, as discussed above. Consequently, an extension of the leads does not alter the available transport channels but rather the boundary conditions and the magnitude of current through the device. This is illustrated in the Supporting Information, where the results for the original system without tight-binding extension and for the extended system with two and five lead units are shown in Figs. S1-S3 using the same color code and scaling as in Fig. 5 . It can be stressed that the overall mechanism of the electronic current density is the same for all parameterizations. Only at low bias voltages, the current density for the system without tight-binding extension is more turbulent and shows vortices on the leads.
The first frame of the time series depicted in Fig. 5 corresponds to zero bias voltage. After the initial equilibration period (not shown), the leads reveal a diffuse electronic current density of small magnitude and with many vortices. As expected, there is no directional electron transport on the leads nor over the bridge -the electrons flow chaotically and come to crash at the molecular junction. The same is true for the current dynamics in the OFF conformation, exemplary plotted for the largest bias voltage in the bottommost panel of Fig. 5 . Although the dynamics on the leads appears more structured than in the zero bias situation for the ON conformation, only a vanishingly small current through the device is observed. At t = 1.00 ps (U = 1 V) (cf. Fig. 5 second row), an emerging current density is moving from the left lead over the extended molecule to right lead. The path taken by the electrons is turbulent and, especially on the outflux side, vortices can be observed. At larger bias voltages, the preferred path for the electron dynamics becomes more laminar, without vortices. Most of the current density propagates along the bonds on a meandering path from the left side of the device to the right one. As can be expected from classical fluid dynamics, the current density is largest at the bottlenecks of the nanojunction, i.e., at the triple bonds connecting the leads with the nitrophenyl group. The current density remains large along the imaginary line that extends the axis spanned by these bonds until it reaches the edge of the nanoribbon. The transmission axis along the molecular junction does not align with the overall direction of the electron transport in the nanojunction. As the current density has to follow this direction at the entry and exit points of the molecule, reflection at the ZGNRedges most probably leads to the meandering course observed in the current dynamics. Interestingly, applying an equivalent negative bias voltage, e.g., U = −4 V, reveals identical current density patterns in the opposite direction. Fig. 5 is reproduced for negative bias voltages in the Supporting Information in Fig. S4 . Concerning the transport on the nitrophenyl group, it is striking that the current density is equally distributed on both sides of the ring. Nearly no influence of the nitro group is observed, correlating with the marginal flow of electrons through this group at all bias voltages. This feature is quite intriguing, since the nitro group is typically thought to be conjugated with the π-system of the phenyl ring. It will be shown below that the main effect of this conjugation is the asymmetric polarization of the ethynylene bonds on either side of the phenyl group.
In the top panel of Fig. 6 , an isosurface of the electronic charge density is shown, superimposed with the current density as a vector plot for t = 4 ps (U = 4 V). Here, the arrows are drawn with the same length and colorcoded according to the magnitude of the current density. Remarkably, the electron density at the triple bonds is strongly affected by the electron withdrawing effect of the nitro group. While the isocontour in the ortho-position is very diffuse, correlating with a large electron density, it is significantly more compact in the meta-position. For the current density, no such effect is observed. This is due to the fact that charge must be conserved at all times, a con- dition which is enforced by the continuity equation: the amount of electrons flowing in and out the device must be equal. Dividing the current density by the charge density yields a vector field describing the current velocity, see Eq. (20) . To provide more insights into the charge dynamics, the velocity field associated with the same quasi stationary conditions is plotted as streamlines in the bottom panel of Fig. 6 . Since the current density is evenly distributed along the route, the velocity field is largest on the bonds, where the electron density is significantly smaller than in the vicinity of the atoms. Visual inspection allows to directly differentiate between the double and triple bonds connecting the leads with the molecule, due to their difference in electron density. The effect of the nitro substituent on the velocity field is more pronounced. First, the velocity field is seen to be more diffuse and larger in magnitude on the meta-side than on the ortho-side. Comparing the leads reveals that the electronic velocity at the edge of the nanoribbon is higher in the exit channel than it is in the entrance one. Since the current density is similar in both positions, the difference comes from the marginal decrease in the electron density in the exit channel. This is caused by the electron withdrawing character of the nitro group, which is felt in the nanoribbon via the ethynylene chain. Finally, the position of the nitro group also affects the velocity field in the plane of the molecular junction, which exhibits an asymmetry towards the substitution. All these mechanistic features are neither directly accessible from the current density nor from the electron density itself.
V. CONCLUSIONS
Nitro-substituted oligo(phenylene-ethynylene) covalently bound between two ZGNR electrodes is a molecular junction with great potential for nanoelectronic applications. Recently, we demonstrated using parameterfree quantum dynamical modeling that this system can be switched reliably and reversibly between two logical conformers -a planar conducting (ON) and an perpendicular less conducting conformer (OFF) -by application of a gate electric field. In the present work, we applied the driven Liouville-von-Neumann (DLvN) approach for time-dependent electronic transport calculations to investigate the electronic current dynamics in this nanojunction at different applied bias voltages. To this end, we introduced a partitioning procedure for the Hamiltonian based on the localization of orthogonal molecular orbitals obtained from a standard ground state density functional theory calculation. Here, we could show that although the resulting energy spectra are nearly identical for the ON and OFF conformers, they exhibit widely different conduction properties. This was confirmed in the subsequent time-dependent analysis, where a linear voltage ramp was applied and the current passing through the device was monitored. While in the OFF position the current through the junction always stays negligibly small, in the ON state, different transport channels are successively opened as the bias is increased. This leads to a series of distinct steps in the current voltage characteristics. The variational convergence of the DLvN was further tested by extending the system by additional lead units using a microscopically parametrized tight binding Hamiltonian. We observed that, most features in the current dynamics could be reproduce with increasing lead size without affecting the nature of the transport channels in the extended molecule.
The mechanistic details of the charge transfer were investigated using the electronic current density, which describes the spatially resolved instantaneous flow of electrons. With increasing bias voltage, a transition from turbulent flux patterns to a laminar flow of electrons from the source side to sink side of the nanojunction was observed. Recently, similar hydrodynamic behavior of the electronic flow has been demonstrated experimentally. [87] [88] [89] In general, the current density propagates through the π-system, mainly along the bonds, and following a meandering course. This curved path is caused by reflections of the current density at the ZGNR edges due to the angle between the overall direction of the electron transport and the transport axis defined by the central group. Consequently, bringing both axes into maximum coincidence could lead to an enhancement of the conductivity of the junction. This could be achieved, e.g., by choosing the same lattice direction which would lead to an armchair GNR (AGNR), or by preserving the lattice direction of the ZGNR contacts and using pyrrole rings to connect the leads with the central switching unit. could lead to an enhancement of the conductivity of the junction. In summary, the new complementary imaging tools introduced in this work -the electronic current density and the associated velocity field -have proven to be potentially very useful for understanding the electron transport in molecular junctions. 
